Abstract Three-dimensional flow-through microchannels were fabricated inside bulk fused silica glass via ultrashort pulsed laser direct writing. The device fabrication sequence takes advantage of the nonlinear volumetric absorption in glass and the subsequent preferential chemical etching process. Optical waveguides were also written into the glass specimen and integrated with the fluidic conduits. Flow tests using both fluorescent particles and red blood cells (RBCs) were conducted on various three-dimensional channel configurations. Experiments showed the possibility for laser-induced cell processing inside the microchannels. To evaluate cytometer functionality, RBCs were detected inside the manufactured microchannel via both transmission and fluorescence probing.
Introduction
Great attention has been paid to opto-fluidic circuit structures for cell-based life science research and diagnostics probing individual cells, since this is an essential step for cell manipulating, isolating and sorting. Opto-fluidic circuits have been suggested as promising tools for miniaturizing conventional cell detection devices. Such circuits are typically fabricated utilizing processes such as multistep lithography or imprinting. Variances employing dif-ferent materials have been proposed, including doped silicon dioxide waveguides connected to silicon microchannels [1] , glass-based microfluidic devices fitted with inserted etched optical fibers [2] , PDMS microfluidic channels integrated with PDMS waveguides of higher refractive index [3] , and polymer-based microchannels coupled with SU-8 waveguides [4] . Reduction of the channel size in such devices is problematic due to clogging issues, hence increasing the complexity of single cell detection devices by requiring flow management concepts such as flow hydrodynamical [4, 5] or electrokinetical [2] focusing for uniformity of cell positioning in the channel. Additional schemes are also required for reaching single cell detection resolution, for example, via focusing incident light by micro-lens or signal processing via cross-correlation analysis.
The transfer of various exogenous substances such as genes, indicators, antibodies and macromolecules into vital cells is a crucial step in basic research, applied drug discovery and clinical gene therapy [6] [7] [8] . The most commonly adopted methods are chemical transfection [9] , lipidbased [10] , viral vector-based [11] , electroporation [12] and laser-assisted photoporation [13, 14] . Efforts towards miniaturizing electroporation have adopted manipulation of microelectrodes, micropipette and capillaries [15] or microfluidic device-based methods [16, 17] . Laser-assisted photoporation has been demonstrated using various laser sources [18] [19] [20] .
We have recently introduced [21] an opto-fluidic device incorporating three-dimensional flow-through microchannels inside bulk fused silica glass through ultrashort pulsed laser direct writing and subsequent chemical etching processes. The venturi-type microchannels have circular cross section and channel diameter of O (1-10 µm) at the flow neck and O (10-100 µm) upstream and downstream of the flow neck. The circular cross section of the flow channel neck is designed slightly smaller (∼1-2 µm) than the targeted cell diameter, in order to snugly fit individual cells. This approach enables effectively "confocal" cell detection and processing at the microchannel neck. The incident light is guided by optical waveguides crossing the microchannel and can probe local optical property disturbance, enabling single cell detection by analyzing the respective transmission intensity change. The guided incident light also can be used to locally excite fluorescence from a dyed cell that passes through the microchannel neck, enabling another scheme of single cell detection by detecting fluorescence emission light collected by optical waveguide. Glass is a desirable material for biological applications because it offers excellent optical, chemical, biological and thermal stability. Because of the device transparency, structural integrity and monolithic structure, cell treatment concepts can be easily incorporated into the device, including laser-based single cell processing. Site-specific injection can be realized by incorporating additional three-dimensional crossing microchannels on the neck region. Optical processing of cells has been demonstrated taking advantage of the superb optical transparency through the fabricated microchannels. Figure 1 shows the fabrication sequence of the threedimensional microchannels. Femtosecond laser microprocessing is an attractive tool to fabricate three-dimensional microchannels taking unique advantage of highly confined volumetric absorption via nonlinear MPA (Multi-Photon Absorption) processes in virtually all kinds of transparent materials. A number of efforts on fabricating threedimensional microchannels inside silica glass have been carried out. Even though direct machining of three-dimensional microchannels has been demonstrated [22] , special care was Fig. 1 Three-dimensional microchannel fabrication via direct writing of the desired microchannel pattern by femtosecond laser pulses. Subsequent chemical wet etching process in a HF solution assisted by ultrasonic agitation was used to define the microchannels needed for efficient debris removal and the optical transparency was not optimal following the ablation process. Consequently, the laser parameters were maintained in the glass melting regime. The subsequent re-solidification induced a structural change through glass transition. In this regime, the modified region experiences an optical refractive index change that is typically used to fabricate threedimensional optical waveguides [23, 24] . Since the modified region inside glass has orders of magnitude higher etch rate when exposed to HF solution, subsequent wet etching can define through-channels [25] . High repetition rate fiber laser (1 MHz, ∼500 fs pulse duration, pulse energy of ∼150-200 nJ and 522 nm wavelength) was used for stable three-dimensional processing, assisted by thermal accumulation effects inside the glass [26] . The laser beam was focused through an objective lens (NA = 0.55) to generate arbitrary three-dimensional channels via precise 3-axis motorized stage translation. Figure 2(a) shows a side view optical image of a single microchannel formed inside the glass specimen. Further examples of arbitrary microchannel manifolds are displayed in Fig. 2(b)-(g) . The diameter of the microchannel neck can be adjusted to ∼5-30 µm depending on etching time and laser scanning parameters, while a neck length even smaller than the neck diameter can be achieved, representing an ideal configuration for the proposed work.
Fabrication of three-dimensional microchannels
In Fig. 3(a) -(c), transmission optical images of ∼500 nm particle suspension (Fig. 3(a) ), diluted red blood cell (RBC) solution (Fig. 3(b) ), and high concentration RBC solution (Fig. 3(c) ) are captured by regular CCD camera, showing superb optical transparency and excellent flow characteristics through the hydrophilic glass channels. An example of fluorescence imaging is also shown in Fig. 3(d) , by using a suspension of fluorescing particles (∼1 µm diameter). Pneumatic relative pressure control was performed to regulate the flow velocity and assist the precise cell positioning.
Optical cell processing through the fabricated microchannels
Fused silica is transparent to laser radiation over a wide spectral range from ultraviolet (UV) to near-infrared (IR) and of either continuous wave or short temporal pulse width. Taking advantage of the excellent optical transparency through the fabricated three-dimensional microchannels, various laser conditions can be applied on the proposed channel structures aiming at detailed and specific cell processing. In Fig. 4 , direct focusing of amplified femtosecond laser pulses (∼100 fs pulse duration, 800 nm wavelength and 1 mJ maximum pulse energy, 1 kHz maximum) through the proposed microchannel was performed. Initially, the laser focus was adjusted based on laser-induced bubble generation in the pure liquid. The laser pulse energy was then reduced below the liquid phase change threshold. When dilute red blood cell suspension was flown under preadjusted laser conditions (not incurring liquid ablation in the matrix liquid), a laser-induced bubble was generated only when a RBC cell was within the laser focus, indicating interaction with a minute part of the RBC cell (laser focal spot is around 2 µm). After termination of the laser pulse, Fig. 4 Laser-based cell processing example inside microchannels fabricated in glass. a A single femtosecond laser pulse of ∼100 fs, 800 nm wavelength and ∼100 nJ pulse energy was focused by an objective lens of NA = 0.55. Under this laser condition, laser-induced bubble appeared only when the red blood cell was within the laser focus and b after termination of laser pulse, no visible damage occurred on the RBC the generated bubble vanished and no visible damage was inspected on the cell. This situation should be close to the desirable site-specific cell photoporation, showing compatibility of the proposed microchannel with precise laser-based cell processing. However, further work is needed to demonstrate the photoporation efficacy by direct observation.
Fabrication of combined three-dimensional optical waveguide structures
Combined three-dimensional microchannel and waveguide structures have been successfully demonstrated [21] . In Fig. 5(a) , the fabrication process of three-dimensional optical waveguides is outlined. After completing threedimensional microchannel fabrication, laser direct writing as shown in Fig. 1(a) can generate combined optical waveguides crossing the pre-fabricated microchannels. As shown in Fig. 5(b) , a HeNe laser (632.8 nm) beam was successfully coupled through the waveguide structure, illuminating locally the microchannel. For further performance evaluation of the combined structures, cell counting experiments were carried out using dilute red blood cells (Fig. 6) . A HeNe laser beam coupled through an illumination waveguide intercepted the fluidic microchannel and was then transmitted through a collection waveguide and collected by an optical detector. Fluorescence signal-based counting of ∼1 µm fluorescence particles was also reported [21] and compared to tests by a commercial cytometer. The measured counting density followed the trend of the calculated counting density, verifying that the proposed glass-based opto-fluidic device can effectively function as a cell/particle counter or pre-detector of single cell manipulation on a bio-chip. The operation range also can be extended up to the order of cell counting efficiency of commercial cytometer via fine tuning of the detection electric circuit and particle speed calibration. Considering the Fig. 6 Cell counting experiment by proposed combined threedimensional microchannel and optical waveguide structures. Diluted red blood cell suspension is driven by controlled flow through the microchannel. A HeNe laser was coupled to the illumination waveguide and collected through the collection waveguide significant efforts to realize combined opto-fluidic devices for biological Lab-on-a-chip applications, the present results prove the massive scale capability of localized illumination and in-situ monitoring of the cell conditions. Additionally, fluorescence schemes as implemented in [21] provide detection specificity.
It is further argued that the combined optical waveguide structures can assist more stable photoporation processes through "confocal" illumination of the laser beam onto the cell membrane as well as automated cell processing in combined flow-through channels. Through careful adjustment of the crossing waveguide size and layout, alternative sitespecific photoporation schemes can be examined.
Conclusion
Glass-based opto-fluidic devices integrating microchannels and optical waveguides were fabricated by femtosecond laser pulses and subsequent wet etching. Use of microchannels with a neck diameter slightly smaller than the cell size enables sharp, constant and unambiguous cell detection via transmission and reflection as well as cell processing via coupling laser radiation.
Fusion of the glass-based opto-fluidic device with microfabricated components will expand its potential as a micrototal analysis system (µTAS). New concepts of single cell treatment in microchannels can be applied due to the tapered circular shape of the glass channel that is configured capture a single cell at a time. Therefore, the femtosecond laser 3-D direct writing in fused silica and the successful integration of fluidic microchannels and optical waveguides offer a new pathway to future generation of biochip devices.
